Abstract. Dihydroartemisinin (DHA), a semi-synthetic derivative and active metabolite of artemisinin, has been shown to have profound anticancer potential in addition to its strong anti-malarial activity. The purpose of the present study was to thoroughly investigate the anti-neoplastic effects induced by DHA and to provide a molecular basis for the use of DHA in the treatment of breast cancer. Our results demonstrated that DHA could significantly inhibit the cell proliferation of breast cancer in a dose-and time-dependent manner that was associated with induced apoptosis and G0/G1 cell cycle arrest, and the half maximal inhibitory concentrations (IC 50 ) of DHA treatment were 60.03, 33.86 and 17.18 µM for 24, 48 and 72 h, respectively. Moreover, the DHA treatment dramatically increased the protein expression of caspase-8, cleaved caspase-9, activated Bid and induced the release of cytochrome c from mitochondria into the cytosol. In addition, the apoptotic action of DHA was associated with the increased expression of the pro-apoptotic gene Bim and a decreased expression of the anti-apoptotic gene Bcl-2. Therefore, the mitochondrial pathway is involved in the apoptosis of breast cancer cells induced by DHA and the imbalance of the Bim/ Bcl-2 interaction may promote the beneficial effect against breast cancer cells. Overall, our study provides the scientific rationale for the clinical usage of DHA for breast cancer.
Introduction
Breast cancer is a global health problem, representing the primary cause of cancer-related female mortality in developing countries (1) . Treatment for breast cancer varies depending on tumor stage and molecular characteristics. However, only 50-70% of patients receiving chemotherapy respond to firstline treatment (2) . Almost all chemotherapeutic agents used in the treatment of breast cancer develop resistance mechanisms that are responsible for recurrence. Thus, discovering new chemotherapeutic drugs and treatment strategies is a challenging issue for the management of breast cancer.
Some natural plant compounds provide a potential source of chemotherapeutic agents and display potent anticancer activity; artemisinin (ART) and its derivatives are such promising natural compounds. ART is the active principle of the herbal drug Artemisia annua L. (commonly known as Qing Hao) and has been used in traditional Chinese medicine for centuries. ART and its main active metabolites dihydroartemisinin (DHA) are highly effective anti-malarial drugs used as first-line therapeutics against malaria falciparum worldwide (3-7). Both ART and DHA are well-tolerated in human and animals with fewer adverse side-effects than any other antimalarial drug (8) . DHA is a sesquiterpene lactone containing an endoperoxide trioxane moiety and has been widely used to treat malaria owing to its ability to generate reactive oxygen species (ROS) or carbon-centered radicals through cleavage of the endoperoxide bridge (8) (9) (10) (11) and its extremely potent inhibition of the SERCA orthologue (PfATP6) of Plasmodium falciparum (12) (13) (14) . Apart from the use in the treatment of malaria, more recent studies have shown that DHA also has profound antitumor activity both in vitro and in vivo, including in lung, ovarian, pancreatic, colon, breast, prostate, liver and brain cancer (15) (16) (17) (18) (19) (20) (21) (22) . It is believed that DHA exerts its cytotoxic and apoptotic effects by the generation of organic free radicals, resulting in the induction of ROS from the iron-or heme-mediated cleavage of endoperoxide bridge contained in DHA (11, 23) . Some studies have also shown that DHA-induced apoptosis may be related to the p38 MAPK, NF-кB, hypoxia inducible factor-1α (HIF-1α), transferrin receptor, MEK/ERK inactivation and Bcl-2 family signaling pathway (16, 22, 24) . In addition, DHA seems to be able to bypass the multi-drug resistance (MDR) and presents similar anticancer potential in the parent and the resistant MDR cancer cells (25) . However, the exact molecular mechanism by which DHA executes its anticancer effect is not fully understood.
The present study was designed to further explore the underlying mechanism of DHA treatment against breast cancer cells in vitro from the standpoint of the proliferation inhibition and apoptosis signaling pathway. We found that DHA displayed cytotoxicities against the T-47D breast cancer cells by inhibiting the growth of cancer cells, arresting cell-cycle progression and inducing the mitochondrial pathway of apoptosis. Furthermore, Bcl-2-interacting mediator of cell death (Bim), a pro-apoptotic BH3-only member of the Bcl-2 family, may be involved in the regulation of apoptotic signaling.
Materials and methods
Reagents. DHA and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) were purchased from Sigma (Beijing, China). Stock solution of 100 mM DHA was prepared in dimethylsulfoxide (DMSO) and diluted with complete DMEM medium before the experiments. The final concentration of DMSO was <0.1%. Rabbit anti-caspase-8 polyclonal antibody was obtained from NeoMarkers, Inc. (Fremont, CA, USA). Antibodies against truncated Bid (tBid), cleaved-caspase-9 and cytochrome c were purchased from Cell Signaling Technology (Beverly, MA, USA). Anti-human β-actin antibody was purchased from Sigma-Aldrich (St. Louis, MO, USA). Annexin V-FITC Apoptosis Detection kit was a product of BD Biosciences (Shenzhen, China).
Cell line and cell culture. Cell culture reagents were purchased from Invitrogen Corporation (Beijing, China) unless otherwise stated. The T-47D human breast carcinoma cell line was obtained from China Center for Type Culture Collection (CCTCC) and was maintained in DMEM supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin and 100 mg/ml streptomycin in a humidified incubator with 5% CO 2 at 37˚C.
Cell growth assay. Effect of DHA on cell growth was measured by MTT assay. Briefly, T-47D cells were seeded in triplicate in 96-well plates at 5x10 3 cells/well and left overnight to adhere. Subsequently, the medium was replaced with 200 µl of fresh medium containing different concentrations of DHA (0-100 µM), followed by incubation at 37˚C and 5% CO 2 for 24, 48 and 72 h. After treatment, 10 µl of MTT solution (5 g/l) were added to each well for the last 4 h. After 15 min of centrifuging at 2,000 rpm, culture medium was discarded and then replaced with 150 µl DMSO/well to dissolve the resultant formazan crystals. Absorbance (A) was measured with an enzyme-linked immunosorbent assay reader (Bio-Rad, USA) using 570 nm as test wavelength and 630 nm as reference wavelength. Results were representative of three individual experiments. Inhibition ratio (%) = (1-experimental group A 570-630 /control group A 570-630 ) x100%.
Cell cycle analysis. After treatment for 48 h, cells were washed twice with cold phosphate buffered saline (PBS). Subsequently, cells were treated with PBS (pH 7.4) containing 1% RNase, and were stained with propidium iodide (PI) at 100 mg/ml (final concentration). The percentages of cells in the G0/G1, S or G2/M phase were calculated from a contour plot obtained for the flow cytometric analysis. The experiments were repeated at least three times independently. Western blot analysis. T-47D cells from different treated groups were washed twice in ice-cold PBS and lysed in complete cell lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.25% Na-deoxycholate, 1 mM EDTA, 1 mM NaF, 1 mM DTT, 1 mM PMSF, 1 mM activated Na 3 VO 4 , 1 µg/ml aprotinin, 1 µg/ml leupeptin, and 1 µg/ml pepstatin). Protein concentrations were determined using BCA assay (Hyclone-Pierce, USA). Protein samples were resolved on 10% SDS-PAGE and transferred to nitrocellulose membranes. The membranes were blocked in 5% nonfat dry milk containing 0.1% Tween-20 at room temperature for 1 h, and then probed with primary antibodies at 4˚C overnight. After washing, the membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibody (1:8,000) followed by ECL detection (Amersham Pharmacia Biotech, Inc., USA). The membranes were scanned with a LAS-4000 luminescent image analyzer (Fujifilm, Japan). In the detection of cytochrome c, proteins in cytosolic fraction of cells were concentrated according to the method of Yuan et al (26) and the release of cytochrome c from mitochondria to cytosol in apoptosis was detected.
Semi-quantitative RT-PCR detection.
Total RNA was extracted from the cultured cells with TRIzol reagent (Invitrogen Corporation) according to the manufacturer's protocol. Firststrand cDNA was synthesized by MMLV Reverse Transcriptase (Promega Corporation). PCR was performed in 50 µl volume. The primers were: Bim, forward, 5'-A TCT CAG AGC AAT GGC TT-3' and reverse, 5'-A TTC GTG GGT GGT CTT CG-3'; its amplification product was 163 bp. Bcl-2, forward, 5'-CGA CGA CTT CTC CCG CCG CTA CCG C-3' and reverse, 5'-CCG CAT GCT GGG GCC GTA CAG TTC C-3'; its amplification product was 318 bp. Human β-actin was used as internal control, forward, 5'-GTG GGG CGC CCC AGG CAC C-3' and reverse, 5'-CTC CTT AAT GTC ACG CAC GAT TT-3'; its amplification product was 506 bp. Amplification was performed under the following conditions: 95˚C for 10 min, followed by 30 cycles of 94˚C for 30 sec, 60˚C for 30 sec and 72˚C for 1 min, with a final extension of 10 min at 72˚C. DNA marker DL2000 (Takara Bio, Inc., Dalian, China) was used as standard. The relative mRNA expression of Bim, Bcl-2 was determined by normalizing to β-actin mRNA expression.
Statistical analysis.
All experiments were performed in triplicate and data are presented as the means ± standard deviation. Differences between groups were examined using the one-way ANOVA or Student's t-test, when appropriate. All statistical tests were two-sided and a P-value of <0.05 was considered to indicate statistically significant differences.
Results

Cytotoxicity of DHA toward human breast cancer cells.
We first evaluated the in vitro antitumor effect of DHA on the T-47D human breast cancer cells using the MTT assay. Cells were exposed to various concentrations (0-100 µM) of DHA for 24, 48 and 72 h and results showed that treatment with DHA had an obvious inhibitory effect in a dose-dependent (r=0.911, P<0.01) and time-dependent manner (r=0.918, P<0.01) (Fig. 1) DHA arrests cell cycle in breast cancer cells. To examine whether the cell growth inhibitory effect of DHA is induced via perturbation in cell cycle progression, we performed cellular DNA content distribution analysis by flow cytometric analysis. There were significant differences in proportions of G0/G1 and S phase between T-47D cells treated with DHA and no treatment control (Fig. 2A) . The DHA treatment of different concentrations in breast cancer cells markedly increased the proportion of G0/G1 phase and reduced the proportion of S phase, thereby preventing tumor cells entering DNA synthesis phase (Fig. 2B) .
DHA induces apoptosis in breast cancer cells. Based on the above results, we further evaluated the pro-apoptotic activity of DHA. Results from Annexin V-PI analysis revealed that T-47D cells treated with DHA underwent obvious apoptosis compared to the control group in a dose-dependent manner. The apoptotic ratio was increased to 20.67±6.53%, 30.30±3.71% and 45.57±9.16%, respectively, after DHA treatment, at the concentration of 20, 40 and 60 µM for 48 h (Fig 3) . There were significant differences compared with control of 2.47±1.21% (P<0.01, P<0.001 and P<0.001, respectively). 
DHA increases the expression of apoptosis-related proteins.
To define the apoptotic pathway(s) being activated by DHA, we examined the status of activation of several critical apoptosis-related factors. Western immunoblotting was employed to detect the activation of caspase-8, and -9, Bid and cytochrome c released into the cytosolic fractions. Fig. 4 shows that caspase-8, cleaved caspase-9 and the active, truncated form of Bid (tBid) were activated in response to DHA. Moreover, following stimulation with DHA, cytochrome c was released from mitochondria into cytosol and resulted in a dramatic increase of cytochrome c protein concentration, indicating the involvement of the mitochondrial apoptotic pathway.
DHA regulates Bim and Bcl-2 expression. Bim, as a proapoptotic gene of the Bcl-2 family, has been considered to play an important role in initiating the mitochondrial apoptotic pathway by binding to anti-apoptotic Bcl-2 and sequestering it from pro-apoptotic proteins. To further investigate the underlying mechanism of the apoptosis mediated by DHA, we performed RT-PCR analysis to detect the change of Bim and Bcl-2 mRNA level. There was increased Bim expression in The expression levels of caspase-8, cleaved caspase-9, tBid and cytochrome c were clearly increased by the DHA treatment in a dose-dependent manner. The protein levels were normalized against a β-actin level that was used as an internal control. Experiments were performed three times independently. DHA treatment groups of different concentrations compared to no treatment control in a dose-dependent manner (Fig. 5A) . Furthermore, the marked decrease of mRNA expression at the Bcl-2 gene was induced (P<0.05 and P<0.01, respectively).
Discussion
Among various anticancer candidates, the natural product artemisinin and its derivatives, particularly DHA, have been found to display powerful anticancer activity in several types of tumors. Cancer cells have been shown to be much more sensitive to DHA than their normal counterparts (8, 19, 27) . However, the molecular details of DHA-induced cytotoxic effects remain unclear. The present in vitro study was conducted in an effort to explore the potential mechanisms of DHA treatment as a novel anticancer drug for breast cancer. The growth assay of T-47D breast cancer cells treated with DHA was detected in this study. The results from MTT assay suggested that DHA was able to suppress the proliferation of breast cancer cells in a dose-and time-dependent manner. The molecular mechanism behind this inhibition has been explored in previous studies. It has been reported that DHA inhibited Akt and ERK activation and, thus, appeared to mediate its effect partly via inhibition of the PI3-K/ Akt and ERK pathways, the two major cell proliferation and survival pathways (13) . Another study found that the proliferation inhibitory effect of DHA was related to the expression of proliferating cell nuclear antigen (PCNA) (28) . PCNA is synthesized during the early G1 and S phases of the cell cycle and is involved in the uncontrollable proliferation of cancer cells by assisting DNA replication and base excision repair (29) . PCNA was clearly downregulated by DHA in pancreatic cancer in a dose-dependent manner (28) . This result was also supported by our own observation and other studies (30, 31) that the treatment of DHA delayed the cell cycle and induced a marked reduction of S phase and accumulation of G0/G1 phase.
In addition to the antiproliferative effect and cell cycle arrest on breast cancer cells, DHA was also shown to induce apoptosis in a dose-dependent manner in our study. Apoptosis is one of the major mechanisms of cell death in response to cancer therapies. Two major apoptosis pathways have been defined in a number of different cell types; the first is the death receptor pathway initiated mainly by tumor necrosis factor receptors (TNFRs) and Fas and the second is termed the mitochondrial apoptotic pathway and involves mitochondria and Bcl-2 family members. Caspase-8 is an important apoptosis protein that is activated initially in both the death receptor and the mitochondrial pathway. In the current study, caspase-8 was strongly upregulated by DHA treatment. Sequentially, caspase-8 activated Bid, a pro-apoptotic Bcl-2 family protein.
As shown in this study, the DHA action enhanced the activation of tBid (active form of Bid that is capable of triggering apoptosis) significantly and induced mitochondrial damage, cytochrome c release and caspase-9 activation. Activation of caspase-9 then triggered the downstream effector caspase cascade, resulting in the apoptosis of cells. As an apo-protein, cytochrome c is nearly undetectable in the cytosol in normal cells. However, the release of cytochrome c from mitochondria to cytosol can be induced in apoptosis when the mitochondrial pathway is involved (32) . We measured the expression of cytochrome c in cytosolic fractions and the data revealed a significant upregulation of cytochrome c expression in cytoplasm in DHA-exposed breast cancer cells. A previous study also demonstrated that DHA treatment markedly lowered the mitochondrial transmembrane potential, resulting from mitochondrial membrane depolarization and the release of cytochrome c from mitochondria to cytoplasm in human hepatocellular carcinoma cells (21) . Based on the above data, we concluded that DHA induced apoptosis in breast cancer cells via the mitochondrial pathway.
To date, two protein families are known to be crucial in the process of apoptosis: one is the Bcl-2 family as a decisionmaker of apoptosis; the other is the caspase family, which is an executor of apoptosis. Bcl-2 family members include antiapoptotic (Bcl-2, Bcl-xL) and pro-apoptotic proteins (Bax, Bak, Bid, Bim and Bad) and they tightly control the activation of the mitochondrial apoptotic pathway by regulating mitochondrial homeostasis and permeability (33) . As a pro-apoptotic BH3-only member of the Bcl-2 family, Bim plays a key role in the initiation of apoptosis induced by a broad range of cytotoxic stimuli. Bim is required for apoptosis of autoreactive thymocytes and neurons and a Bim/Bcl-2 balance is critical for controlling normal homeostasis of naïve and memory T cells (34) (35) (36) . It has been established that Bim can induce apoptosis by engaging both anti-and pro-apoptotic family members at mitochondria. Recent studies have also confirmed that Bim interacts with and embeds Bcl-2 in mitochondrial membranes. Subsequently, Bcl-2 and Bim form oligomers that permeabilize the mitochondrial outer membrane to release cytochrome c and activate caspases (35, 37) . In the current study, we further investigated whether Bim and Bcl-2 were involved in DHA-induced apoptosis as an upstream messenger, so that we could better elucidate the molecular mechanisms of the observed cell apoptosis. Here, we found that DHA-induced apoptosis was accompanied by an increase of Bim and a decrease of Bcl-2. Based on previous studies and our own observations, we deduced that the Bim/Bcl-2 interaction may be involved in the apoptotic effect induced by DHA. DHA treatment upregulated pro-apoptotic Bim expression and downregulated anti-apoptotic Bcl-2 expression, and thereby led to the imbalance of the Bim/Bcl-2 interaction. Abundant Bim either bound to Bcl-2 proteins and formed oligomers to induce cytochrome c release, or activated Bax/Bak directly to initiate the mitochondrial cell death pathway. The validity of this assumption and the mechanism underlying the upregulation of Bim remain to be verified in future studies.
In summary, we have confirmed that the natural plant drug DHA exerts its anticancer effects by inhibiting proliferation, arresting cell cycle and promoting the apoptosis of tumor cells. Moreover, the mitochondrial pathway is involved in the apoptosis of breast cancer cells induced by DHA and Bim/Bcl-2 may be responsible for DHA-induced apoptosis. These cellular effects, in combination with relatively low toxicity in humans, make DHA an attractive candidate drug for the treatment of breast cancer.
